objective Interleukin-10 (IL-10) is an anti-inflammatory cytokine produced by Th1 cells and macrophages. The rationale of this study was to examine and validate possible contributions of IL-10 promoter polymorphisms in sub-Saharan Africa in children infected with either Plasmodium falciparum or Schistosoma haematobium and in children co-infected with both parasites.
Introduction
Malaria and schistosomiasis are most important parasitic infections in terms of occurrence, morbidity and mortality in many tropical countries. Co-infections are common in areas where both plasmodia and Schistosoma species are endemic [1] .
Although Schistosoma haematobium infection is not as deadly as Plasmodium falciparum malaria, it affects millions of people worldwide, leading to the loss of 1.53 million disability-adjusted life years, with most of the morbidity and mortality occurring in sub-Saharan Africa [2] . Of the three major human Schistosoma species, *Joint senior authors.
S. haematobium is the most prevalent one in sub-Saharan Africa, where it is responsible for a substantial amount of pathology and disease [3] . A barrier in the control of infections with schistosomes is the failure of the immune system to clear the parasite despite antigen recognition [4] . As other helminths, Schistosoma induce Th2 responses and orchestrate the development of granulomatous lesions that are protective to the host but, in some individuals, lead to serious disease [2] .
Resistance to malaria is affected by both host and parasite factors, as genetic factors such as polymorphism pre-determine some responses to malaria infection [5] . Cytokines are regulators of host responses to infection and inflammation. Some cytokines act to promote inflammation, others serve to reduce inflammation and promote healing. Genetic studies have shown that the intensity of infection is influenced by major genes located in the chromosome 5 region (5q3-q33) that encodes Th2 cytokines [6] . IL-10 plays a critical role in polarisation of Th2 responses, immune regulation of Schistosomiasis japonica infection [7] and in the development of host responses to other helminth infections [8] . IL-10 exhibits many functional activities in vivo, which are beyond its function as a suppressor of Th1 responses [9] . In schistosomeinfected mice and humans, IL-10 is elevated after infection, and IL-10 production has been associated with disease progression [10] , protection from tissue damage and lethal effects of polarised immune responses [11] . IL-10 suppresses activation of macrophages and dendritic cells (DCs) and limits worm ova-induced hepatotoxicity during the acute phase of Schistosoma mansoni infection [12] .
Single nucleotide polymorphisms (SNPs) in the promoter region of cytokine genes regulate transcriptional activation and result in differential cytokine production [5] . Polymorphisms in the IL-10 promoter region contribute to interindividual variations in IL-10 production [13] . IL-10 has a polymorphic promoter with variability at positions -1082G/A (rs1800870), -819C/T (rs1800871) and -592C/A (rs1800872), all of which have been implicated in modifying IL-10 gene transcription. The haplotype GCC based on the three variants -1082G, -819C and -592C has been associated with elevated levels of IL-10 production, while the ACC and ATA haplotypes cause intermediate and low IL-10 gene transcription, respectively [13] . The aim of this study was to investigate the association of the IL-10 promoter SNPs -1082G/A, -819C/T and -592C/A, which are involved in differential IL-10 production, with asymptomatic P. falciparum and S. haematobium monoinfection and with P. falciparum and S. haematobium co-infections in Nigeria.
Materials and methods

Study area, participants and study design
This cross-sectional case-control study was conducted among attendants of primary schools in Pategi Town, Local Government Area (LGA), Kwara State, Nigeria. The population size of Pategi is 110 852 people [14] . The community is located in a stable P. falciparum malaria transmission zone where malaria is present throughout the year with a significant increase during the rainy season from April to September. The town is also endemic for S. haematobium infections. Major occupations include farming, in particular rice farming, fishing and petty trading. Sampling was carried out from October 2012 to May 2013, covering both the dry and rainy season. A total of 309 school children, enrolled into a previous study [15] , were included. The control group comprised 77 healthy individuals matched for age and gender and negative for both P. falciparum and S. haematobium parasites.
The Kwara State Ministry of Health Ethical Committee (MOH/KS/777/41) provided ethical approval for the study. Inclusion of children took place after written informed consent provided by parents/guardians and school authorities.
Blood collection and detection of P. falciparum Venous blood was collected into EDTA tubes for thick blood smears for malaria diagnosis and DNA extraction for IL-10 genotyping. Plasmodium falciparum was diagnosed by microscopic examination of Giemsa-stained thick blood smears. The presence of ring forms observed in thick smears was counted against 200 leucocytes [16] and subsequently confirmed with a PCR assay targeting the 18S rRNA gene. Children diagnosed for P. falciparum infection were treated with artemether-lumefantrine according to local malaria case management guidelines. The 'O' blood group and the haemoglobin genotype AA were frequent among the Nigerian study population.
Urine collection and detection of S. haematobium Detection of S. haematobium eggs was carried out as described previously [17, 18] . In brief, 10 ml of urine were collected in a sterile labelled container from all participants. The samples were centrifuged at 2000 g for 5 min, the supernatants were discarded and the residues transferred to a clean glass slide and examined microscopically for the presence of S. haematobium eggs. For individuals negative for eggs, urine samples were collected on 3 successive days. The Combur-Test reagent strip (Roche Diagnostics GmbH, Mannheim, Germany) was used to assess the degree of haematuria and proteinuria according to the manufacturer 0 s instruction. Five ml of venous blood was collected from all study participants for serological assays and subsequent DNA extraction. Individuals positive for urinary schistosomiasis were treated with a single dose of 40 mg/kg of praziquantel. Stool samples were collected from all participants and processed using the Kato-Katz method to exclude any S. mansoni infection. The intensity of infection was estimated as number of eggs per 10 ml of urine.
DNA isolation and IL-10 genotyping
Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany). Primers for PCR amplification spanning the IL-10 promoter polymorphisms -1082G/A, -592C/A and -819C/ T were 5 0 -GAA GAA GTC CTG ATG TCA CTGC-3 0 (forward) and 5 0 -TAG GTC TCT GGC CTT AGT TTC-3 0 (reverse). PCR reactions were carried out in 20 ll reaction volumes with 5 ng of genomic DNA, 109 PCR buffer (20 mM Tris-HCl pH 8.4, 50 mM KCl), 0.125 mM of dNTPs, 0.5 mM of each primer and 1U Taq DNA polymerase (Qiagen, Hilden, Germany). Thermal cycling parameters for amplification were initial denaturation at 94°C for 5 min, followed by 35 cycles of 15 s at 94°C denaturation, 60 s at 62°C annealing temperature, 60 s at 72°C extension, followed by final extension of 10 min at 72°C. Amplicons were separated by gel electrophoresis on 2% agarose gels stained with SYBR green and visualised and photographed under a UV transilluminator. PCR products were cleaned using Exo-SAP-IT PCR Product Cleanup Reagent (USB, Affymetrix, Santa Clara, CA, USA). Purified products were used as templates for DNA sequencing using the BigDye terminator v. 2.0 cycle sequencing kit (Applied Biosystems, Beverly, MA, USA) on a DNA sequencer according to the manufacturer's instructions. Polymorphisms in the IL-10 promoter regions were identified by assembling the sequences using the Codon code Aligner 4.0 software (http://www.codonc ode.com/aligner/download.htm) and re-confirmed visually from their respective electropherograms. The reference sequences were obtained from the SNPper database (http://www.mbb.psu.ac.th/SNPer/index.html).
Statistical and genetic analysis
Statistical analyses were performed using R version 3.1.2 (http://www.r-project.org) and GraphPad Prism 6 (http:// www.graphpad.com). Genotype and allele frequencies were determined by simple gene counting, and haplotype frequencies were estimated using the expectation-maximum algorithm method implemented in the Arlequin v.3.5.2.2 software (http://cmpg.unibe.ch/software/arle quin35/). Deviation from Hardy-Weinberg equilibrium was calculated for each group. We used a binary logistic regression adjusted for age and gender to analyse associations of IL-10 variants with malaria and schistosomiasis in different genetic models. Mann-Whitney-Wilcoxon test or Kruskal-Wallis test was used to compare nonparametric data of quantitative variables. The level of significance was set at a value of P < 0.05.
Results
Characteristics of the study group
Of 309 Nigerian children from our previous study [15] , 76 were asymptomatically infected with P. falciparum, 94 were infected with S. haematobium and 62 were coinfected with both parasites. The mean age of children asymptomatically infected with P. falciparum, S. haematobium or with both P. falciparum and S. haematobium was 9.6, 9.9 and 9.7 years, respectively. The mean age of healthy controls was 7.3 years. The level of parasitaemia was compared between mono-and co-infections. The mean P. falciparum parasitaemia as well as S. haematobium egg counts were higher in children with P. falciparum and S. haematobium co-infections than in those with P. falciparum mono-infection. (P = 0.025 and P = 0.016, respectively) ( Figure 1 ).
Association of IL-10 promoter polymorphisms with malaria
Genotype and allele frequencies in the subgroups and the association analyses are provided in Table 1 . The genotype frequencies of the IL-10 variants -1082G/A (rs1800870), -819C/T (rs1800871) and -592C/A (rs1800872) in all groups were in Hardy-Weinberg equilibrium (P > 0.05). SNPs -819C/T and -592C/A were in perfect linkage disequilibrium in the study population (Table 1) .
To investigate the association of IL-10 SNPs with malaria, we compared genotype and allele frequencies of the studied SNPs between groups of children infected with P. falciparum and healthy control. The frequencies of the -1082GG genotype and of the -1082G allele were higher in infected children than in healthy controls (OR = 3.4, 95% CI = 1.2-10.8, P = 0.02; OR = 1.9, 95% CI = 1.1-3.4, P = 0.02, respectively). These results indicate that the -1082GG genotype and the -1082G allele were associated with increased susceptibility to malaria infection. A similar trend was observed in a dominant genetic model (OR = 2.5, 95% CI = 1.1-6.0, P = 0.04) ( Table 1) . However, no significant differences in genotype and allele frequencies of variants -819C/T and -592C/A were observed between children infected with P. falciparum and healthy controls. To investigate associations of IL-10 polymorphism with malaria at the haplotype level, we reconstructed haplotypes based on the three polymorphisms studied and compared their frequencies between children infected with P. falciparum and healthy controls. GCC haplotype occurred more frequently among children infected with P. falciparum (43.4%) than controls (18.2%) (OR = 3.8, 95% CI = 2.0-7.2, P = 0.0001), indicating that GCC haplotype is associated with an increased risk for malaria (Table 2) .
To explore the influence of the polymorphisms on the intensity of malaria infection, we compared the parasitaemia among P. falciparum-infected children with the different genotypes (-1082AA, -1082AG and -1082GG). Children with the -1082GG genotype had higher parasite levels than children with the -1082AA (P = 0.0012) and -1082AG genotypes (P = 0.0009) (Figure 2 ).
Association of IL-10 promoter polymorphisms with schistosomiasis
We compared genotype and allele frequencies of the polymorphisms between groups of children infected with S. haematobium and healthy controls. No significant difference in genotype and allele frequencies of SNPs -1082G/A, -819C/T and -592C/A was observed between children infected with S. haematobium and healthy controls (Table 1) . Haplotype GCC occurred more frequently, while haplotype GTA occurred less frequently among children infected with S. haematobium compared to healthy controls (OR = 2.2, 95% CI = 1.2-4.4, P = 0.017; OR = 0.1, 95% CI = 0.02-0.5, P = 0.0004, respectively) ( Table 2 ). The GCC haplotype apparently is associated with an increased risk, and haplotype GTA is associated with a decreased risk for schistosomiasis. With regard to the intensity of infection indicated by the number of S. haematobium eggs in urine, no difference was observed when comparing children with different genotypes.
Association of IL-10 promoter polymorphisms with co-infection
We compared genotype, allele and haplotype frequencies of the studied SNPs between children infected with both P. falciparum and S. haematobium and healthy controls to investigate the association of IL-10 SNPs in co-infections with both parasites. No difference was observed between the two groups, indicating that IL-10 SNPs are not associated with these co-infections.
Discussion
The disparity of interindividual variation of cytokine production is associated with distinct SNPs in both the regulatory and the coding regions of the cytokine genes [5] . IL-10 is produced by macrophages and lymphocytes [19] and has a protective role in severe malaria [20] . Here, we have shown that the IL-10 promoter SNP -1082G/A and HC, healthy control; Pf, P. falciparum group; Sh, S. haematobium group; PF+SH; P. falciparum and S. haematobium co-infection; n = number of chromosomes; OR, adjusted Odd Ratio; ORs and P values were calculated using binary logistic regression model adjusted for age and gender. Bold values present the statistical significance.
haplotype GCC consisting of the three polymorphisms studied are associated with malaria in Nigerian school children.
The three IL-10 promoter polymorphisms at positions -1082G/A, -819C/T and -592C/A are associated with the production of IL-10, which plays a role in the immune response to malaria infection [21] . Several studies have evaluated the importance of IL-10 polymorphisms in malaria susceptibility [22] [23] [24] [25] . To our knowledge, this study is the first to report an association of IL-10 polymorphisms with susceptibility to asymptomatic malaria in Nigeria. In contrast to previous studies in sub-Saharan Africa, we found that the IL-10 promoter SNP at -1082G/ A and haplotype GCC were associated with both P. falciparum infection and the degree of parasitaemia in Nigerian school children. Individual IL-10 alleles were not associated with disease susceptibility in Gambian children [22] . Another study showed similar results with no significant association of IL-10 alleles/genotypes at -1082G/A, -819C/ T and -592C/A with the occurrence of malaria [24] . In this study, the -1082G allele appears to confer a risk for acquisition of P. falciparum infection. Similarly, IL-10 -1082GG homozygosity has been implicated as a risk factor for other diseases, for example for tuberculosis [13] . However, this was not consistent with reports from another study showing that the homozygous AA genotype as the common genotype in the population of Belem in Brazil [26] . Our study corroborates a Brazilian study that revealed an association between IL-10 -1082G/A and the risk of clinical malaria [27] . Our result is also supported by a previous study showing that IL-10 concentrations are correlated with parasite densities [26] .
Several studies have reported an association of IL-10 haplotypes with P. falciparum infection [22, 24, 28] . In our study in Nigerian children, four haplotypes were observed. The GCC haplotype was identified as risk factor for asymptomatic P. falciparum infection. There is some evidence that haplotype GCC is associated with increased circulating plasma IL-10 concentrations [24] . In Kenya, the GCC haplotype was associated with protection against severe malarial anaemia and increased IL-10 production [24] . Our results clearly indicate that IL-10 promoter polymorphisms significantly contribute to the regulation of clinical progression of malaria infection, probably through modulation of the IL-10 production.
Information on associations of IL-10 polymorphisms with schistosomiasis is scarce. A study investigated the association of the three IL-10 promoter variants -1082G/ A, -819C/T and -592C/A with the severity of periportal fibrosis in schistosomiasis. The results showed that the -1082A/G SNP and haplotypes ACC, GTA and ATA were associated with fibrosis severity [29] . Minor alleles of the three promoter SNPs were found associated with total IgE levels and S. mansoni infection intensity in a schistosomiasis-endemic area in Brazil [30] . In this study, although all IL-10 promoter SNPs under study were not related to schistosomiasis, GCC and GTA haplotypes were associated with the occurrence of S. haematobium infection in an area endemic for schistosomiasis in Nigeria. This result emphasises the role of IL-10 in the host immune response during S. haematobium infection. It is supported by a previous study demonstrating that regulatory B cells from S. haematobium-infected individuals modulate the T-cell response against the infection through IL-10 [31] .
Helminth-infected individuals have been shown to be more susceptible to Plasmodium infection, associated with increased malaria gametocyte carriage, decreased haemoglobin concentrations and an increased risk of clinical and severe malaria [24] . Higher serum levels of IL-10 are independently associated with S. haematobium infection after adjustment for confounding factors, including malaria co-infection [32] . However, we did not observe any association between IL-10 polymorphisms with S. haematobium and P. falciparum co-infections in this study. This is in agreement with previous findings indicating that these three IL-10 promoter variants are not associated with susceptibility to hepatitis C virus infection with and without S. mansoni co-infection [33] .
The small sample size may be a limitation of the present study. Further studies with larger sample size will therefore be required to clarify the association of IL-10 polymorphisms with S. haematobium co-infection with other infectious agents.
In conclusion, this is the first study reporting an association of IL-10 promoter polymorphisms with P. falciparum and S. haematobium infections as well as their co-infections in a Nigerian community endemic for both parasitic infections. Although IL-10 promoter polymorphisms are not associated with P. falciparum and S. haematobium coinfection, SNP -1082G/A and the IL-10 haplotype GCC are associated with malaria, while haplotypes GCC and GTA are associated with schistosomiasis.
